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ABSTRACT 
 
We assess the potential aquifers for CO2 storage located in South Africa. South Africa has one of the 
highest CO2 emission rate per capita in the world with the largest point source of CO2 emissions from 
coal-to liquids processing which makes it an ideal candidate for carbon storage and capture. This study 
will involve geological evaluation of potential storage sites, followed by a dynamic assessment of the 
likely storage capacity using numerical simulations. As there are many uncertainties associated with the 
geological formation, a sensitivity studies is performed on the injection of CO2 into the aquifer which 
provides some insight on the distribution and saturation of CO2, as well as pressure build-up.  
  Our results showed that the capacity for our synthetic model ranged between 5-26 million tonnes, in 
which the calculated storage efficiencies are between 0.3% and 1.5% respectively. Sensitivity studies 
demonstrated that rock compressibility and injection rates have large impacts on pressure build up in 
closed systems. Migration of CO2 is strongly influenced by horizontal permeability, and the radius of the 
plume can extend as far as 1km laterally for high values. It was concluded from pre-screening site 
evaluation that the Outeniqua basin in South Africa is has more potential than the Karoo basin and there is 
a possibility store large quantities from large point sources.  
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Abstract 
We assess the potential aquifers for CO2 storage located in South Africa. South Africa has one of the highest CO2 emission rate 
per capita in the world with the largest point source of CO2 emissions from coal-to liquids processing which makes it an ideal 
candidate for carbon storage and capture. This study will involve geological evaluation of potential storage sites, followed by a 
dynamic assessment of the likely storage capacity using numerical simulations. As there are many uncertainties associated with 
the geological formation, a sensitivity studies is performed on the injection of CO2 into the aquifer which provide some insight 
on the distribution and saturation of CO2, as well as pressure build-up.  
  Our results showed that the capacity for our synthetic model ranged between 5-26 million tonnes, in which the calculated 
storage efficiencies are between 0.3% and 1.5% respectively. Sensitivity studies demonstrated that rock compressibility and 
injection rates have large impacts on pressure build up in closed systems. Migration of CO2 is strongly influenced by horizontal 
permeability, and the radius of the plume can extend as far as 1km laterally in our model. It was concluded from pre-screening 
site evaluation that the Outeniqua basin in South Africa is has more potential than the Karoo basin and there is a possibility 
store large quantities from large point sources.  
  
Introduction and background 
The South African economy is one of the highest CO2 emitters of greenhouse gases in Africa, responsible for around 1% of the 
annual emission globally) in Africa and has the single largest CO2 point source worldwide; Secunda coal-to-liquid plant, it is 
largest coal liquefaction plant in the world and produces 60 million tonnes/year of which 30 million tonnes/year can be 
available for storage at high purity with gas treatment (personal communication with Sasol). Total current emissions are 
estimated to be at least 400 million tonnes per year (Cloete 2010) and are expected to rise in the future. This imposes 
increasing pressure on climate change upon governments across the globe. The South African government in the run up to the 
Copenhagen summit, 2010, have committed to a reduction of 34% by 2020 and 42% by 2025 to limit the effects of global 
warming (Goldenberg 2010). As new power stations and synthetic fuel plants continue to increase, carbon capture and storage 
(CCS) is being investigated to limit emissions.  
   There are various options for geological storage locations e.g. depleted hydrocarbon reservoirs, saline aquifers, and deep un-
mineable coal seams. South Africa has limited CO2 storage space in its maturing oil and gas fields due to their limited size; 
however, saline formations associated with these petroleum-bearing formations hold potential. Saline formations are deep 
sedimentary rocks saturated with formation water containing high concentrations of dissolved salts (IPCC 2005). Deep saline 
aquifers are considered to have to have the highest capacity globally and there are various trapping mechanisms associated 
during pre/post injection which helps prevent CO2 escaping back into the atmosphere.  
   Saline formations essentially take advantage of the properties of supercritical CO2 and give rise to a two phase system, where 
some of the CO2 dissolves in aqueous phase and the rest resides in gaseous phase.  Once CO2 is injected into the storage 
formation, the compressed CO2 fills the spaces between the pores. Supercritical CO2 has the density of a liquid, but the 
viscosity of a gas. CO2 exists in supercritical state at depths more than 800m and at a temperatures and pressure more than 
30.98
o
C and 7.38MPa respectively (Marini 2006). 
   A combination of physical and geochemical trapping 
mechanisms acts to retain the CO2 underground. 
Physical trapping mechanisms involve capillary forces 
that retain the CO2 in the pore spaces of the formation, 
while geochemical trapping occurs as the CO2 reacts 
with in situ saline formation water and host rock to form 
stable carbonate minerals. These reactions, however, 
may only occur over long periods of time. 
  Current ongoing major CO2 projects worldwide include 
Sleipner (North Sea, Norway), In Salah (Krechba, 
Algeria) and  SnØhvit (Barents Sea, Norway);  Michael 
et al.,  2010. Figure 1 highlights that there are many 
potential/ongoing CO2 sequestration projects in North 
America and Europe; it is evident there is little activity 
in the Southern region of Africa, despite being one of the 
biggest contributors to greenhouse gases. This study will 
Figure 1: Current commercial projects & potential small scale projects 
(Michael et al., 2010) 
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investigate the feasibility of CO2 sequestration (pilot-scale) in South Africa and identify potential storage sites. Estimating the 
capacity will be achieved through numerical simulations in this pilot study to characterise the saturation and distribution of 
CO2. Numerical simulations have been used for estimating capacity for many years and have a significant advantage over other 
methods (static/analytical) since it can model key phenomena’s such as solubility trapping, and residual trapping (Baklid et al. 
1996, Ennis-King & Paterson., 2002, Pruess et al., 2003).  However it requires much more representative data, which is limited 
in most cases. Analytical methods have been used previously for predicting the shape of the CO2 plume and post-injection 
spreading in aquifers (Norbotten et al., 2005, Hesse et al., 2006). A widely used method for estimating the capacity is 
compressibility approach developed by Van der Meer and Egberts, 2008. It is based on the assumptions that no water cannot 
flow across boundaries, no dissolution and no pressure loss near wells. It is generally used for pre-screening estimates when 
there is very little data available.  
 
CO2 Storage Mechanisms 
a) Structural trapping: where CO2 is physically trapped beneath low permeability seals (e.g. caprocks). Over time CO2 
migrates in the saline formations, and the direction of which it travels is vertical due to buoyancy effects. 
b) Residual (capillary) trapping: occurs when relative permeability effects convert CO2 into an immobile phase. When 
CO2 gas is injected into a geological formation, some of gas is trapped within the pores of the rock formation as CO2 
migrates away from the well. This path of migration will heavily depend on the permeability and porosity. (Spiteri et 
al 2008, Law & Bachu 1996). 
c) Solubility trapping: When CO2 is injected, mass transfer between gas and aqueous phase occurs over time. CO2 
dissolves into the brine, increasing brine density and bi-carbonate concentrations (reducing pH of brine). Spycher & 
Pruess 2005 
d) Mineral (geochemical) trapping: CO2 will chemically react with the rock minerals to form solid carbonates. These 
reactions take thousands of years to occur, but it is the most secure mechanism (Ennis-King & Paterson 2005). 
 
Predominantly structural trapping (impermeable seals) have been heavily relied upon to trap CO2 in current storage projects. 
This has been considered a primary trapping mechanism in well characterized formations. However the reliability of the seals 
overlaying the aquifer is uncertain and there will always be a possibility of CO2 leaking back into the atmosphere. The main 
setback with this mechanism will be accurately determining the extent and integrity of the seal. Caprock quality is normally 
determined by the degree of quartz cementation and digenetic mineralogy (Armitage et al., 2010).  
  Solubility and capillary trapping will be the main focus of this study due to the intermediate timescale for these processes to 
occur. Mineral trapping will not be considered given that it takes thousands of years to occur. Only an intermediate time-scale 
of 100 years will be considered for simulation purposes in this study.  
 
CO2 Fluid Dynamics 
1) Advection: During injection into an aquifer, mobile CO2 flows away from the injection point into areas of low 
pressure, obeying Darcy’s law. 
2) Buoyancy: due to density differences between CO2 and brine, CO2 (less dense) will rise upwards and flow through the 
paths of higher permeability towards the top of the formation. The presence of higher density fluid above the low 
density fluid leads to the dissolution of convective fields, which increases the dissolution rate (Hassanzadeh et al 
2004).  
3) Diffusion: due to differences in CO2 concentration, CO2 molecules will tend to migrate from a region of high 
concentration to a low concentration. 
Basin Suitability (Geological Sites) 
Identifying/selecting a suitable geological site is 
very important to ensure that CO2 is safely stored. 
However saline formations are rarely a target for 
exploration and most information is drawn from 
geology based on surface mapping and seismic 
surveys. Thus it is generally difficult to locate 
geological sites suitable for storage, and has been 
a key issue to date. The Sleipner project (Baklid, 
Korbol and Owren 6-9 October 1996) has been 
one of the few successful sequestration projects to 
store CO2 in aquifers commercially. It is 
recognized that the Utsira formation in the North 
Sea is well characterized, which is why storing 
carbon dioxide has been successful.  
  On the other hand South Africa is abundant with 
sedimentary basins that were formed long ago 
Figure 2: Potential storage sites in South Africa. (Cloete 2010). 
700km 
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(see Figure 2), but there is much uncertainty for CO2 storage due to the lack of exploration data available. The sedimentary 
basins are extensive, covering most of the land surface as well as reaching offshore. However some of these are structurally 
complex and have undergone many geological metamorphic processes, leading to low permeability and porosity, making some 
unsuitable for CO2 storage. There are a few likely basins (from the late Palaeozoic (250-545Ma) & Mesozoic (65-250Ma) that 
offer potential for CO2 storage in saline formations within this region.  Preliminary studies (Cloete, 2009) have highlighted that 
the storage capacity of deep saline formations in the offshore Mesozoic basins (Orange, Outeniqua, and Zululand) is projected 
to be very large in South Africa.  There is also large potential onshore in the Karoo basin (Catuneannu and Wopfner 2005). 
Both geological sites hold the upper most potential.  
 
Karoo Basin 
One potential aquifer site lies within the Karoo basin (shown in Figure 2), which is the largest sedimentary basin in South 
Africa. The Karoo sediments consist of sandstones from the late carboniferous (Armitage et al., 2010). The Karoo sandstones 
displays porosities that lie between 3 and 29%, and Karoo beds are deeply buried to more than 1500m (Dypvik and Nesteby 
1992), which is a suitable depth for storage. They also are accompanied by a cap and lateral seals (Cloete, 2009).  However 
they display relatively low permeabilities, less than 6mD (Dypvik and Nesteby 1992). This may possibly seem too low for 
economical storage, but the practical aspects of injectivity may overcome this issue. This has been demonstrated by the In 
Salah CO2 project, where three long horizontal injection wells have drilled in low permeability formations (Michael and Golab, 
2009).  Long horizontal wells increase the length of contact between the wellbore and formation, reducing pressure build-up in 
the process. Karoo basin still holds potential due to its close proximity to CO2 point sources, and its onshore position. There are 
various aquifer sites within this basin that are predicted to hold a potential capacity of 50-200Mt (Cloete, 2010).  
 
Outeniqua Basin  
The Outeniqua Basin (location found in Figure 2, cross section in Figure 3) is also another potential geological site for 
storage; there are prospective saline formations sites as well as depleted gas fields within this basin. The basins here offer a 
more quantifiable CO2 storage capacity due to higher amounts of hydrocarbon exploration data available. South Africa’s only 
producing oil and gas fields are located in this particular basin. The site is located offshore, down the southern flanks.  It is 
known a few of these (Bredasdorp, Zululand) are heavily faulted (Amudo et al., 2006). The sedimentary basins consists of 
fluvial sandstones (of late Jurassic to Early Cretaceous), with typical porosities of 13% and test permeability 5-200mD (Kelly 
et al., 1998). From the schematic diagram Figure 3, the sandstone units are estimated to be at least 2000m below the seabed. 
Early evaluations from Cloete, 2010 suggests that the storage capacity is up to ~48Gt over an approximate area of 20,000km
2
 
(Aremu 2000).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
                                                              
 
 
Fluid Properties 
The depth of the aquifer is be set to an estimated value of 2000m based on the position of the sandstone unit shown in Figure 
3.  The reservoir pressure ranges from 150 and 175 bars between the top and bottom of the geological formation. The initial 
reservoir temperature is set to be 50
o
C based at a depth of 2000m. The salinity is assumed to be at 92,000mg/l (Michael  and 
Golab, 2009), which is constant across the aquifer formation. Gas density is calculated using the Peng Robinson (1976) 
equation of state. Brine density is calculated in two procedures where firstly the pure water is obtained from Kelly & Whalley 
(1975), and Ezrokhi’s method is used to account for salt and CO2 (Schlumberger, 2009). The viscosity of carbon dioxide is 
calculated from (Fenghour et al., 1998).  
Figure 3: Schematic cross section across the Outeniqua basin; sandstones that can potentially at as saline storage reservoirs. 
(Cloete 2010). 
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CO2 Point Source Locations 
Figure 4 shows the location of major CO2 emitters (coal fired plants, 
CTL plants, nuclear) in South Africa, including the CTL plant in 
Secunda. It can be seen that the majority of the major sources are 
extremely within close proximity to the Karoo Basin, requiring 10-
400km long pipelines to link many of its major sources to the storage 
sites. To link the CTL plant to the Outeniqua basin will require at 
least 800km of pipeline, which is significantly higher and much more 
challenging, when considering the development of a large scale 
project.  
 
 
 
     Table 1 : Summary of aquifer model properties 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Simulation Model Description 
The synthetic aquifer model (summarised in Table 1) is set up using a compositional simulator (Eclipse
TM
 300); the 
CO2STORE module is activated to model the storage of supercritical CO2 in saline aquifers (CO2-H2O systems with salts). 
This option accurately computes the physical properties of the aquifer as a function of temperature and pressure. It also 
incorporates the Spycher & Pruess (2005) solubility model.  
   The base case model represents an open homogeneous aquifer 250m thick (same thickness of Utsira formation Sleipner , 
with grid dimensions of 8km × 8km × 250m (cell dimensions 200m × 200m × 10m). Heterogeneities are modelled later in this 
study. The outer grid-blocks have large pore volume multipliers to model an open aquifer, so CO2 and brine spreads laterally 
without hindering structures.  Lateral boundaries will be modelled for sensitivity studies to observe the pressure build up near 
the well.  
   The horizontal permeability is set to be 100mD (Dypvik and Nesteby 1992). The basins are generally complex due to 
depositional/diagenesis processes and hence the aquifer has a relatively low permeability. The porosity is set to be a value of 
0.22, similar to the water-wet sandstone channels of the Berremian basin, offshore South Africa (Roux and Davids 2009). Seal 
permeability can normally vary between 10
-8
 to 10
-1 
mD (Zhou, et al., 2008). In our simulation model, the seal permeability is 
set to be 10
-3
 mD.  
 
Property Value 
Porosity 22% 
Permeability 100mD 
Depth 2000m 
Thickness 250m 
Salinity 35,000 mg/l 
Temperature 50
o
C 
Pressure (datum depth 
2000m) 
15,000 kPa (150 bar) 
Model Size 40 × 40 × 25 
Grid lock sizes 200m  × 200 m 
Rock Compressibility  0.0003 bar
-1
 
Fracture pressure  248 bars 
Figure 4: Location of major CO2 sources (Eksom plants) in South Africa including the Secunda CTL plant (Sasol). (Cloete 
2010). 
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Relative Permeability  
During injection of CO2, the non-wetting phase (CO2) pushes the wetting phase (brine) out of the pores (drainage process). 
Post injection represent the imbibition process, where the wetting phase saturation increases over time, invading the pore 
spaces with CO2 eventually trapping CO2 as a residual phase.   To account for this immobilisation effect of CO2, hysteresis 
(Juanes et al., 2006) is modelled in the gas relative permeability curves. For simplicity, one hysteresis cycle is modelled. 
Relative permeability measurements were taken from the Viking formation, Canada (Bennion and Bachu 2008) and used to 
generate a set of drainage and imbibition curves Figure 5. The Corey parameters used to calculate the drainage curves are 1.7 
and 2.8 for brine and CO2 respectively. The Corey parameter value for the CO2 imbibition curve is 4. These measurements 
closely represent the conditions around the Mesozoic basins in South Africa. Imbibition curve was calculated using Land’s 
Model (Land 1968).  
 
 
𝑆𝑔𝑡 =
𝑆𝑔𝑖
1 + 𝐶𝑆𝑔𝑖
 
(3) 
𝐶 =  
1
𝑆𝑔𝑡,𝑚𝑎𝑥
−
1
𝑆𝑔,𝑚𝑎𝑥
           
(4) 
𝑆𝑔𝑓 =
1
2
[𝑆𝑔 − 𝑆𝑔𝑡 +  √(𝑆𝑔 − 𝑆𝑔𝑡)
2
+  
4
𝐶
(𝑆𝑔 − 𝑆𝑔𝑡)]   
(5) 
 
 
 
 
 
Injection Parameters 
The maximum injection rate currently used in an existing CO2 storage site (Sleipner field, Norway) is 1 Mt/year (2,700 
tonnes/day) through a single well,   Table 2. From our geological findings, the basins in South Africa are heavily faulted 
(Amudo et al., 2006) since most were subjected to many geological metamorphic processes, and are not as extensive as the 
Sleipner field. It was decided that a value of 131,000 tonnes per year (200,000 sm
3
/day), will be used in this pilot study to 
examine the gas saturation and distribution, but also ensure that the maximum pressure stays significantly below the fracture 
pressure. CO2 mole fraction is set to be a value of one; synthetic fuel industry in South Africa produces at least   95% 
concentration of CO2 (Cloete, 2009).  
   The injection duration is 40 years, and total period for the simulation run is over a period of 100 years to see post injection 
effects. The short term effects of CO2 migration during post injection period will be observed closely specifically looking at the 
extent of residual and solubility trapping.  Taking into consideration the tight sandstones exhibited in the Karoo/Oteniqua 
basin, two/three injection wells will be used in a sensitivity study to test the spatial coverage and see observe the efficiency of 
storage.   
 
   Table 2: Two of the largest commercial scale CCS operations injecting CO2 in saline aquifers (Michael, et al. 2010).  
Project Name Injection rate 
(tonnes/day) 
Number of wells Injection Start 
Year 
Size of formation 
Sleipner 2700 1 1996 Utsira formation covers an area 
of 26,100km
2
, thickness of 
250m.  
In Salah 3500 3 2004 20km × 18km × 950m 
 
Injection Strategies 
A case study for the use of multiple wells will be investigated in this study to examine the effect on solubility trapping and 
residual trapping. The total injection rate will remain constant in each case. Previous proposed strategies have included WAG 
procedure (Qi et al., 2009), brine injection along with CO2 (Leonenko & Keith 2008), and water injection with dissolved CO2 
(Burton & Bryant, 2009).  
 
 
Pressure Build Up  
It is important to ensure the injection pressure stays below the fracture pressure so that no new fractures are formed or no seals 
are broken and no high permeability pathways are created for CO2 to escape. Fracture pressure is dependent on compressibility, 
formation depth, boundaries, and strength of aquifer. It is likely to occur at the injection well, where the pressure concentration 
Figure 5: Relative permeability curves during drainage and 
imbibition for CO2/brine system 
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Figure 7 : 2D cross section of aquifer model showing the field pressure after 40 years of injection. Cross section is taken at 
the location of injection well.  
is at its highest. To determine the maximum allowable pressure during injection, the fracture pressure will be approximated 
using Eaton (1969). Other methods such as Hubbert and Willis (1957), Matthew and Kelly (1967) were also considered but 
Eaton methods is the most accurate of those three. It should be pointed out that Eaton’s method tends to overestimate the 
fracture pressure gradient (up to +28% error), which is discussed in (Malallah and Nashawi 2005) so there will be some error 
associated with the calculated value. Eaton (1969) considers variation on the overburden stress, Possion’s ratio and pore 
pressure gradient.  
 
𝑃𝑓
𝐷
=
𝑃𝑝
𝐷
+  (
𝜎𝑣
𝐷
−
𝑃𝑝
𝐷
) (
𝑣
1 − 𝑣
)                                                                                                                                                                   (6) 
 
Using an overburden gradient 22.62 kPa/m (Ukaegbu, et al. 2009), Possion’s ratio equal to 0.20 (Rutqvist and Vasco 2009) , 
and a pore pressure gradient of 0.0075MPa/m, the fracture pressure is estimated to be 248 bars. This is consistent with values 
given from literature; Zhou et al., 2008, estimates the fracture pressure to be 1.2-1.8 times the initial pore pressure (Jin, et al. 
2010).  
 
Open/Closed Aquifer 
In an open aquifer, the displaced brine will spread 
outwards, eventually escaping the formation, leaving 
space for CO2. The overall field pressure remains 
constant in this case (Figure 6 & Figure 7). For an open 
aquifer, pressure build-up is not a limiting factor for 
determining the capacity; the chemical effects on 
groundwater and hydrological impact would normally 
be considered in this case. However for a closed aquifer, 
pressure build up will ultimately determine the storage 
capacity. From our simulation, the pressure increase is 
approximately 7 bars for a closed aquifer, giving an 
overall field pressure of 170 bars. This is safely below 
the estimated fracture pressure calculated above; 
therefore an injection at rate of 200,000 sm
3
/day is 
suitable. The maximum rate for this study is 1,000,000 
sm
3
/day.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Injection Rates 
Increasing the injection rate of the well causes the pressure at the single well to increase substantially. From Figure 8 
increasing the rate to 2.5 ×10
5 
sm
3
/day (from 2×10
5
 sm
3
/day) causes the pressure to increase by 5%.  Increasing the rate further 
to 5×10
5
 sm
3
/day, causes the pressure to reach a maximum value of 191 bars which is an additional 11% from the original pore 
pressure. At a commercial value of 1×10
6
 sm
3
/day, the pressure reaches a maximum value of 208 bars, which may decrease the 
fracture stability of the reservoir. It may be possible to use an injection rate of this magnitude, but taking into consideration of 
the error associated with Eaton (1969) and the risk of CO2 leaking into the seal, the maximum value possibly used in this study 
will likely to be around 5×10
5
 sm
3
/day. Alternatively, to account higher pressure build-up, more wells can be implemented to 
reduce high pressure build-up in one location.  
Figure 6: Field pressure response over 100 years for an open and 
closed aquifer. 
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Rock Compressibility 
Given that there is uncertainty in the sandstone units in the aquifer, rock compressibility values can vary significantly 
depending on whether we have consolidated or unconsolidated sandstones, (Figure 27, Appendix C).  A sensitivity study was 
carried out to see the effects of rock compressibility on pressure build-up for a closed aquifer at a constant injection rate of 
200,000 sm
3
/day. A range of compressibility values from 1x10
-5
 bar
-1
 (consolidated sandstones) to 1.82x10
-3
 bar
-1
 
(unconsolidated sandstones) was used, to see the pressure response of the average field pressure build-up and pressure at the 
injection well.  
   
Figure 9 & Figure 10 shows that for a rock compressibility value of 1x10
-5
 bar
-1
, the pressure build-up is significantly higher 
than a rock compressibility value of 1.82x10
-3
 bar
-1
 representing unconsolidated sandstones. Based on this value, the average 
field pressure reaches a maximum value of 210 bars. This is relatively high, and if the injection rate continues to increase, the 
fracture pressure is likely to be exceeded. The pressure at the injection point is 10 bars higher, reaching a maximum value close 
to 220 bars, which is approximately the maximum injection pressure limit (90% safety), based on earlier calculations from 
Eaton 1969.  The difference between consolidated and unconsolidated sandstones in this case is 43 bars for both the field 
pressure and the injection well pressure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Pressure change at the injection point for different cases of injection rates (units: sm
3
/day) 
Figure 9: Field pressure response for different cases of rock 
compressibility values. Units:  bar
-1
. 
Figure 10: Pressure response at the injection point for different 
cases of rock compressibility values. Units:  bar
-1
. 
End of injection 
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Figure 13: 2D cross section of 3D model showing the CO2 migration extent for base case model. Left image is a horizontal cross 
section taken at the injection depth (after 100 years). Right images are vertical cross sections taken at the centre of aquifer.   
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Simulation Results - Sensitivity Study 
Figure 11 shows the distribution of CO2 over time, in which the simulation is performed under permeability hysteresis and 
dissolution for this pilot study. It can be seen that the after the 40 years, the amount of free gas (mobile CO2) declines, and the 
amount of immobile CO2 increases significantly. As CO2 is less dense, it starts to migrate upwards, and it moves through the 
pores, some is trapped. As CO2 spreads out over a wider radius, there is more contact with brine hence the greater amounts of 
CO2 is dissolved.  Figure 12 shows the cumulative gas injection with time (sm
3
).  Injection rate is 200,000 sm
3
/day, and after 
40 years 5,256,000 tonnes of gas has been injected. The width of the plume reaches 2km over the pilot area after 100 years 
(Figure 13).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Heterogeneity 
To consider the effects of heterogeneity in our model, the base case model was modified and a stochastic permeability 
distribution was generated with a mean permeability of 171mD. The Dykstra permeability coefficient is a measure of 
permeability variation, where a value of 1 represents a very high heterogeneity and 0 representing homogeneous reservoir. In 
our case it was calculated to be 0.70. It can be seen from Figure 14 that higher amounts of CO2 are dissolved in brine relative 
to the homogenous model. CO2 flows preferentially through higher permeability blocks slowing down the rate of CO2 
migration. A clear result of this is that there is longer contact time with CO2 and brine, resulting in an increasing amount of 
CO2 dissolved; 3400 tonnes more in this case study. Heterogeneity is therefore favourable towards enhancing the solubility 
trapping in aquifers. The higher the degree of heterogeneity, the higher the amount of CO2 dissolved in brine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Cumulative injection of CO2 (sm
3
). Figure 11: Distribution of CO2 in mobile, immobile and aqueous 
phase over time for the base case model. 
Figure 14: Heterogeneity effect on the amount of CO2 dissolved in brine over time. 
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Vertical Permeability 
Increasing vertical permeability increases the flow of CO2 in 
the vertical direction shown in Figure 15. At 100mD the 
vertical height of the plume is 210m, but at 1mD it is 120m. 
Altering the vertical permeability changes the kv/kh ratio. At 
higher values of kv/kh (0.50), there is a preferential flow in the 
vertical direction over the lateral direction. For lower values of 
kv/kh, lateral movements are much more dominant. Depending 
on the thickness of the reservoir, lower kv/kh values maybe 
more beneficial towards solubility and residual trapping.  
 
 
Number of wells 
From Figure 16 it is clear that using a higher number of wells (the same total injection rate for each strategy), will result in 
increased amounts of CO2 dissolved in brine. The difference between one well and three wells is 4800 tonnes after 100 years. 
By injecting over a wider area as oppose to one location, the spatial coverage is much greater and greater amounts of CO2 will 
contact brine. Figure 16 shows that using three wells improve solubility trapping significantly. This is also demonstrated 
commercially in the In Salah sequestration project, where three horizontal wells are also used for a low permeability reservoir. 
For future CO2 projects, it is important to consider the use of multiple injection wells because it optimises the storage space and 
enhances solubility trapping, although this is highly dependent on the geology of the aquifer and the economics of the project 
(Algharaib and Abu Al-Soof 2008). The effect of the number of wells on residual trapping is not significant in this case based 
on the current injection rate, shown in Figure 17, where the differences in results are small.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Amount of CO2 dissolved for different cases of injection 
strategy. 
Figure 15: 2D cross section of reservoir model. CO2 gas 
saturation distribution after 40 years of injection.  
Figure 17: Residual CO2 for different cases of injection strategy. 
Figure 18: 2D horizontal cross section (taken at injection depth) of the aquifer model (homogeneous) illustrating the injected gas 
saturation distribution for each case of injection strategy after 40 years of injection.  
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Horizontal Permeability 
It can be seen from both Figure 20 and Figure 19 that varying horizontal permeability affects both solubility and capillary 
trapping, although the differences for each case on solubility trapping are relatively small for this study. At 10mD smaller 
quantities of CO2 are immobilized through residual trapping, shown on Figure 20. Vertical migration is more dominant in this 
case and hence CO2 contacts more brine in the vertical direction. On the other hand, for high horizontal permeability values, 
lateral spreading of CO2 is more dominant.   
  Overall residual trapping is enhanced further at higher values since more CO2 is trapped as the plume radius extends further. 
Figure 35 shows that after a 100 year simulation, CO2 spreads 2km in width (1km radius) and 140m in height in an aquifer at 
horizontal permeability of 400mD. Figure 36, CO2 spreads 1.6km laterally, and 230m in height after 100 year simulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Residual Gas Saturation 
Hysteresis effects are largely controlled by residual saturation values (Sifuentes, 2009). Given that there is uncertainty in the 
fluid data, residual gas saturation was varied to see these effects in our model. It can be seen from Figure 22 that for higher 
residual gas saturation (0.20), there is a reduction of CO2 is dissolved in brine. This is due to higher amounts of CO2 is trapped 
in pores, immobilising CO2 hence less contact between CO2 and brine. This is advantageous in an aquifer, particularly when 
the CO2 is trapped early and at a distance from the caprock. It minimises the chance of leakage.  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 21: Immobile CO2 for different cases of residual saturation. Figure 22: Amount of CO2 dissolved over time for different cases of 
residual saturation. 
Figure 20: Immobile CO2 for different cases of horizontal 
permeability.  
Figure 19: Amount of CO2 dissolved over time for different cases of 
horizontal permeability. 
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Porosity 
Porosity was varied between 0.05 and 0.40 to see the effects on solubility trapping & residual trapping. Figure 23 demonstrates 
that increasing porosity, the amount of dissolved CO2 increases also. There is greater contact area for CO2 and water, hence a 
greater enhancement of solubility trapping. Also the pressure build-up will be lower for higher values for porosity and at lower 
pressures, there is better solubility trapping. Overall high porosity is a favourable characteristic for storing CO2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rock Compressibility 
At smaller rock compressibility values, the reservoir pressure is significantly higher during injection of CO2. As a consequence, 
the amount of CO2 that dissolves in the aquifer increases in response to the pressure changes in the reservoir. These results 
indicate that rock compressibility has a large impact on the pressure, which directly affects solubility trapping.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Storage Capacity Assessment 
In practice, storage capacities of extensive aquifers heavily depend on the fraction of pore volume that is beneath a structural 
trap. Zweigel, et al. 2000 describes that from 3D seismic surveys around the Sleipner field, Norway, that only 0.3% of the 
available pore volume there is located underneath a structural trap on top of an aquifer. Given that the sedimentary basins in 
South Africa are structurally complex and there is very little seismic data available to confirm overlaying structures, this 
magnitude of this value was taken into consideration for the location of pore volume in this pilot study.  
  Simulation results show that the storage capacity is estimated to be 5.3Mt, with a storage efficiency (fraction of pore volume 
filled with CO2) value of 0.31%. Table 3 represents different cases of potential storage capacity efficiencies that lie within the 
regional assessment range of 0.2% to 2% (SCCS 2009).  It tells us that using high injection rate of 1.0×10
7
 sm
3
/day, gives a 
relatively high storage efficiency value of 1.5% and an estimated capacity 26.28 Mt.   However based on earlier results for a 
closed aquifer, the fracture pressure stability decreases at higher injection rates and also there is a risk of CO2 reaching the limit 
of the seal at a faster rate. On the other hand, if the aquifer is open, the capacity will be readily to store at least 26 Mt of CO2 
(since the water can migrate out of the reservoir). At lower storage capacities, the pressure build-up is much lower for a closed 
aquifer, and the confidence for storing CO2 under a structural trap is higher. It can be seen from Table 3 that the maximum 
Figure 24: Amount of CO2 dissolved over time for different cases of compressibility. Units: bar
-1
 
Figure 23: Amount of CO2 dissolved over time for different cases of porosity. 
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capacity for pilot model can be as high as 13.14Mt at storage efficiency of 0.80%. At this value the maximum pressure will 
remain below the fracture pressure, the risk of CO2 leaking into the seal is minimal and it is more likely that the available pore 
volume is underneath a structural trap. 
 
Area (km
2
) Injection rate 
(sm
3
/day) 
Pore volume (m
3
) Bg, CO2 
volume factor 
(rm
3
/sm
3
)  
Storage 
Efficiency 
% 
Estimated 
Storage 
Capacity (Mt) 
64 200,000 3.52×10
9
 0.00371 0.31 5.30 
64 500,000 3.52×10
9
 0.00371 0.80 13.14 
64 1,000,000 3.52×10
9
 0.00371 1.50 26.28 
Table 3: CO2 Storage Capacity Estimates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion 
    The potential to store CO2 in South Africa still remains hopeful based on some of the available data found in literature; yet 
there are still many uncertainties surrounding the prospects of CO2 sequestration. The lack of seismic surveys makes it difficult 
to assess the extent of the capacity, and the integrity of the caprocks and lateral seals. Low permeabilities (<6mD) measured 
experimentally reduce the confidence of storage. Based on available data, it is unlikely that the Karoo basin will be an ideal 
candidate for storage.   
     Alternatively the Outeniqua basin offers much more potential in terms of capacity size. The confidence levels are greater, 
since there is more available exploration data. The permeability and porosity is relatively higher (suitable values for a 
commercial scale project), the basin is at a suitable depth for CO2 to remain in supercritical phase, and overall likely to be 
sufficient enough to store large quantities of CO2.  However the long distance from the point source to the geological site may 
be a huge challenge for the development of a large commercial scale project.   
    From our simulation results, it is estimated that the capacity of aquifer can be as high as 26Mt for an open aquifer, and 13Mt 
for a closed model (64km
2
). Cloete, 2010 concluded that ~48Gt of CO2 can be stored offshore in the Outeniqua basin. 
Although the total volume injected is small in this pilot study, it provides a good sense on how much CO2 can be stored based 
on the size of the base case model. 48Gt of CO2 is likely to be an optimistic value, when taking into consideration pressure 
build up, availability of pore volume and faults present in the reservoir.  
   It is apparent that the storage capacity will unable to accommodate huge amounts of CO2 from the point sources based on the 
size of the small scale model. A field scale size of at least 20,000km
2
 with a relatively large thickness will have to be 
considered to cope with large injection rates from CTL plants, with emissions rate of 60 million tonnes/year. It is likely that the 
basins in South Africa will not be able to store all of the CO2 produced, but potential basins like the Outeniqua, have the 
capacity to store annual rates up 1 million tonnes/year.   
  It should be considered that an explicit assumption was made in the simulation model where the sandstone unit is 250m thick 
in the base case model, and may be a misrepresentation of the geology of the sandstone units. Hence there are more 
uncertainties associated with the estimated capacities which are largely due to the lack of data. Storage estimates can be refined 
with new data acquisition to improve the accuracy.   
     Sensitivity studies demonstrated that the use of multi-wells provide greater spatial coverage and enhances solubility 
trapping of CO2. It is also a method of reducing pressure build-up at the injection well, which allows a greater capacity of CO2 
to be stored. Horizontal permeability influences the radius of plume significantly; results showed that the largest plume radius 
produced for this for a horizontal permeability of 400mD is 1km from the well. A heterogeneous reservoir is far more likely to 
be representative of an aquifer in practice, and the results shown in this study, tells us that it is favourable towards solubility 
trapping since it increases the contact time between brine and CO2. Rock compressibility was identified a key factor in 
affecting the capacity of closed aquifers. For consolidated sandstone units, pressure build-up is much greater and must be 
considered in CO2 storage capacity assessment when dealing with bounded aquifers.  
 
When considering large aquifers as big as 20,000 km
2
 (similar to the Sleipner and 
In Salah Project); the theoretically capacity of such aquifers can handle up to 40 
million tonnes per year (maximum rate) based on this study. If injection is carried 
out for 40 years, the capacity of aquifer can be as high as ~1Gt. However limiting 
factors such as fractures, structural barriers as well as economical factors makes 
this non-feasible to inject at very high rates. The cost of injecting CO2 is 
approximately $3.50/tonne (Eccles, et al. 2009), which is significantly high. So 
injecting at 40 million tonnes would prove too costly.  
Figure 25: Pilot study size relative to large 
field model. 
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Conclusion 
 The Outeniqua basin offers the more potential than the Karoo based on this study, in terms of the geological size and 
characteristics. Based on the available data and the results from this study, there is a potential for it to provide a large 
capacity to store huge quantities from the point sources in South Africa. The capacity cannot be concluded fully 
without more seismic surveys to assess the lateral seals and overlaying caprocks.  
 The potential for linking the Karoo basin and the CTL plants is much more favourable than the Outeniqua basin, 
seeing as a shorter pipeline length is required 10-400km. However the Outeniqua basin is proven to be a more suitable 
site for storage when considering the depth of the sandstone units, permeability and porosity. 
 Low permeability aquifers can still be developed into large scale projects, as long as an optimal injection strategy is 
implemented to reduce pressure build-up, so injecting CO2 into the Karoo basin may still be a possibility.  
 The feasibility of the basins accommodating large injection rates (60 million tonnes/year) is low based on available 
data. Looking at the Sleipner CO2 project in Norway, where the basins in the North Sea display better geological 
characteristics than the basins in South Africa yet it has only stored approximately 10 million tonnes of CO2 to date.  
 
Recommendations 
 Geological security (trapping structures) in this region needs further investigation through seismic surveys.  
 There is a need to examine the coverage of faults located in the potential basins and determine the transmissibility of 
faults to see whether they cut reservoir communication. 
 Additional research is required to determine the level of heterogeneity in the sedimentary basins.   
 Further research is required to fully understand the characterization of all potential sites in South Africa.  
 
Nomenclature 
 
Bg  CO2 volume factor (rm
3
/sm
3
) 
C  Lands constant 
Cr  Rock Compressibility (bar
-1
) 
D  Depth (m) 
kv  Vertical permeability (mD) 
kh  Horizontal permeability (mD) 
krw  Water relative permeability 
krg  Gas relative permeability 
Pf  Fracture pressure (Pa) 
Pp  Pore pressure (Pa) 
Sg  Gas Saturation 
Sgi  Initial gas saturation 
Sgf  Flowing (untrapped) saturation 
Sgr  Residual gas saturation 
Sgt  Trapped gas saturation 
Sgt,max  Maximum trapped gas saturation 
σv  Overburden stress (kPa/m) 
υ  Poisson’s ratio 
υDP  Dykstra-Parsons Coefficient  
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APPENDIX A. LITERATURE REVIEWS 
SPE 36600  
 
Title:  Sleipner Vest CO2 disposal, CO2 injection into a shallow underground aquifer. 
 
Authors: Baklid A., Korbol R., Owren, G 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
First commercial project to inject CO2 underground; paper discussed the issues associated with CO2 
injection and the feasibility in shallow reservoirs.  
 
Objective: 
 
To describe the problems associated with injecting CO2 into a shallow underground aquifer.  
 
Methodology used: 
 
A black-oil simulator is used to investigate the CO2 distribution in formation for a period of 20 years; 
specifically looking at areal and vertical distribution.  
 
Conclusion reached: 
 
The maximum extension of CO2 after 20 years was 3km in any direction.  
An injection system based on dense phase CO2 was proven to satisfy objectives with the various 
constraints related. For shallow aquifers, a sophisticated injection system must be implemented to ensure 
CO2 is injected in the supercritical phase.  
 
Comments: 
 
Simulation has only taken into account the solubility trapping mechanism. Since then methods have been 
improved as well as the tools to carry out simulation. 
 
Complementary information: 
 
Petrophysical properties of the Utsira Formation 
Pressure: 80-110 bar 
Temperature: 37
o
C 
Permeability: 1-8 Darcy 
Porosity: 35-40% 
Net Sand: 80-100% 
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SPE 77809  
 
Title:  Engineering Aspects of Geological Sequestration of Carbon Dioxide  
 
Authors: Ennis-King, J., Paterson, L. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
First to investigate the important effect after CO2 injection phase, as well as looking at CO2 distribution 
during injection phase. Convective mixing and its effect on dissolution are discussed.  
 
Objective: 
 
To address some engineering aspects geological sequestration prior and following the injection phase 
focusing on trapping mechanism. Also to investigate several key factors that influences the long term 
storage of CO2. 
 
Methodology used: 
 
Numerical simulation was carried out on a multiphase simulator (TOUGH2
TM
) after injection phase to see 
the important effects that occur using a geological model based off North-West Australia. Three different 
relative permeability curves were used to see the effect of CO2 dissolution during injection phase.  
 
Conclusion reached: 
 
Convective mixing occurs due to buoyancy effects, which enhances dissolution. Lower residual gas 
saturation also a key factor, leads to faster rates of dissolution. Complete dissolution takes thousands of 
years.  CO2 migration in a dipping reservoir is limited residual gas saturation and dissolution.  Past the 
injection phase, vertical permeability is becomes a significant parameter, in terms of CO2 migration.  
 
Comments: 
 
Factors such as gravity effect, capillary pressure, gas dissolution, finite compressibility have been 
neglected during simulation.  
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SPE 83695  
  
Title:  Numerical modelling of aquifer disposal of CO2 
 
Authors: Pruess. K, Xu. T, Apps, J., Garcia, J. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
First to present how CO2 can be trapped into various phases (gas, aqueous, solid) for a range of conditions 
that may be encountered in a typical aquifer.  
 
Objective: 
 
Discuss and investigate the capacity of saline aquifers to store injected CO2 in various phases via 
numerical simulations.  
 
Methodology used: 
 
CO2 storage capacity is estimated using 1D displacement theory with an open homogeneous aquifer 
model and compared to a numerical model also. Realistic PVT properties are used, in the model, as well 
as taking into account geo-mechanical effects.  
 
Conclusion reached: 
 
Direction for migration is highly dependent on the vertical to horizontal permeability. For higher vertical 
permeabilities there is more CO2 migration towards the top of the aquifer, bypassing deeper regions. 
Hence gas saturation in the plume increases, reducing the gas and liquid storage capacity. 1D 
displacement gave reasonable estimation. CO2 sequestration varies considerably with rock type.  
 
Comments: 
 
Buoyancy effects were not taken into account during numerical simulations however was compared with 
results that did include buoyancy effects and were concluded reasonable.  
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SPE 89343  
 
Title: Reservoir Simulation of CO2 Storage in Deep Saline Aquifers 
 
Authors: Kumar, A., Noh, M., Pope, G.A., Bryant, S., Lake, L.W. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
To gain a better understanding and investigate the most important CO2 storage mechanisms such as pore 
level trapping, dissolution, precipitation.  
 
Objective: 
 
To gain a better understanding of the most important CO2 storage mechanisms that would immobilize 
CO2 permanently.   
 
Methodology used: 
 
A generic open aquifer model was used as a base case for compositional simulation for a systematic 
parameter study. Parameters varied in simulations are temperature, mean permeability, salinity, kv/kh 
ratio, residual gas saturation, dip angle. A second study was carried out to see look into CO2 trapping by 
mineralization.  
 
Conclusion reached: 
 
The effect of residual gas on CO2 storage is more significant than storage in brine or minerals on 
immobilizing CO2 via capillary trapping. Aquifer dip & kh/kv ratio have a significant effect on gas 
migration.  Injecting water after CO2 injection period increases storage capacity of solubility and mineral 
trapping. Aquifers with large concentration of appropriate primary minerals can contribute significantly to 
the immobilization of CO2 through mineralization.  
 
Comments: 
 
Simulation did not include geomechanical reactions, no conductive faults, no leaky wellbores; injector is 
at centre of aquifer.  
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SPE 96448 
 
Title:  Relative permeability hysteresis: Trapping Models and Application to Geological CO2 
sequestration 
 
Authors: Spiteri, E.J., Juanes, R., Blunt, M.J., Orr, F.M. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
First to investigate hysteresis in the relative permeability of hydrocarbon phase in a two phase system and 
also presented a new model to capture the trends observed in oil-wet systems.  
 
Objective:  
 
To gain a better understanding in relative permeability models on various fluid/rock properties and to 
explore into hysteresis in the relative permeability in a two phase system.  
 
Methodology used: 
 
Pore-network simulation is used to predict the trends in trapping and relative permeability hysteresis and 
validate relative permeability models.  
 
Conclusion reached: 
 
Hysteresis is crucial in the prediction of migration of CO2 and has a favourable effect on CO2 
sequestration. Trapping of CO2 can be enhanced by high injection rates and WAG injection scheme.  
 
Comments: 
 
A generic model bounded by sealing faults on all side was used.  There mixed wet system still needs to be 
looked into.  
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SPE 103342 
 
Title: Limitations to Storage Pressure in Finite Saline Aquifers and the Effect of CO2 Solubility on 
Storage Pressure 
 
Authors: Van der Meer, L.G.H, Van Wees, J.D. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
First to look at the pressure effects of solubility on CO2 storage capacity in finite saline aquifers.  
 
Objective: 
 
Simulate various cases to observe the effects of CO2 solubility.  
 
Methodology used: 
 
Numerical simulator was used to simulate a European type of aquifer.  
 
Conclusion reached: 
 
Pressure reduces as CO2 from free the free gas dissolves into the dissolved phase in water and the 
reduction in pressure is proportional to the amount of carbon dioxide dissolved. Storage capacity is 
limited by the space within a certain geological structure. Pressure will gradually increase as the volume 
of CO2 builds up. The CO2 that can be stored depends on the maximum acceptable pressure increase 
without reactivating faults/forming new cracks.  
 
Comments: 
 
Pressure propagation effects surrounding the storage site has been recommended to be investigated 
further.   
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SPE 115929 
 
Title:  Modelling leakage through faults of CO2 stored in an aquifer. 
 
Authors: Chang, K.W., Minkoff, S.W., Bryant, S.L. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
First to numerically model leakage through faults using a quasi 1D model and a 2D model. 
 
Objective:  
 
To investigate and assess the migration of CO2 through faults, and determine key parameters controlling 
leakage flux.  
 
Methodology used: 
 
Quasi-1D Model is developed to numerically simulate the leakage of CO2 along as conductive fault.  
Model is developed from a single phase flow equation 
 
Conclusion reached: 
 
Location of permeable layer is significant in determining the rate of the rising CO2 flux.  
Leaks near the bottom of the fault have a greater impact than leaks occurring at shallower depth.  
The attenuation is proportional to the ratio of fault permeability to leak off coefficient.  
Leakage layer permeability and permeability distribution determine where the leakage will occur.  
In small leakage layers; fault permeability dictates the leakage rate.  
 
Comments: 
 
The extent/distance of the pressure perturbation within the layer is still underdeveloped in this paper.  
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International Journal of Greenhouse Control 3 (626-639) 
 
Title:  A method for quick assessment of CO2 storage capacity in closed and semi-closed saline 
formations. 
 
Authors: Zhou, Q., Birkholzer, J.T., Tsang, C., Rutqvist, J. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
First to develop a simple analytical method for the quick assessment of the CO2 storage capacity in closed 
and semi-closed systems. 
 
Objective:  
 
To evaluate the CO2 storage capacity in compartmentalized structures, where potential storage formations 
are bounded laterally and by overlying/underlying seals.  
 
Methodology used: 
 
The quick assessment method calculates these brine displacement contributions in response to an 
estimated average pressure build-up in the storage reservoir.  
 
Conclusion reached: 
 
The importance of the upper- and lower-seal permeability has a significant effect on pressure build-up in 
the storage formation. Closed systems with impermeable seals allow CO2 storage only up to the point at 
which pressure in the storage formation approaches a sustainable threshold. 
 
Comments: 
 
This quick assessment method may useful in validating numerical simulation results. The accuracy of 
these estimates depends on the degree to which the process-related assumptions are satisﬁed in a real 
problem. One assumption is that the pressure build-up throughout the entire storage formation is uniform. 
This assumption works well if the injection- driven pressure build-up is less important than the storage-
driven pressure build-up.  
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Energia Procedia 2741-2744 (Web of Science) 
 
Title: Carbon Capture and Storage in South Africa 
 
Authors: Surridge, A.D., Cloete, M. 
 
Contribution to understanding modelling CO2 storage aquifers: 
Paper elaborates on the main sources of CO2 and the potential for carbon storage within this region. 
Preliminary estimates have been undertaken already in deep saline aquifers.  
 
Objective of paper: 
 
To investigate the use of carbon capture and storage as a greenhouse mitigation measure, the point 
sources, and the potential storage sites. 
 
Methodology: 
 
Department of Minerals and Energy commissioned an investigation from the CSIR (2004). 
 
Conclusion reached: 
 
Based on preliminary studies, there is an indication of different possibilities of storage although it was 
decided that South Africa would focus on geological storage of carbon dioxide.  
 
Comments: 
 
There is a lack of detail on how this investigation was carried out, and whether the estimated accounts for 
the feasibility of CO2 storage in particular areas e.g. if the aquifer is too shallow for safe CO2 storage.  
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SPE 123582  
 
Title:  Modelling CO2 Storage in Aquifers: Assessing the key contributors to uncertainty. 
 
Authors: Sifuentes, W., Blunt, M.J., Giddins, M.A. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
First to carry out a sensitivity analysis to see which parameters have substantial effect to the trapping of 
CO2 using field data. 
 
Objective:  
 
The aim of this study is to gain a better understanding of reservoir parameters (temperature, salinity, 
permeability, residual gas saturation, dip, pressure) against CO2 storage and their impact on trapping 
mechanisms.  
 
Methodology used: 
 
First part of analysis involved simulating one variable at a time, while all other parameters are kept 
constant.  Second part quantified the impact of parameters when they are varied simultaneously.  
 
Conclusion reached: 
 
Horizontal permeability is one the main contributors to solubility and residual trapping mechanisms. 
Hysteresis effect is significant in residual trapping. Well placement, well completion, injection strategies 
are major contributors to capillary and dissolution mechanisms. The use of WAG injection scheme 
enhances residual trapping mechanism.  
 
Comments: 
 
This paper focused on capillary trapping and dissolution (intermediate time scale).  
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International Journal of Greenhouse Control 4 (225-230) 
 
Title:  Coupled reservoir-geomechanical analysis of CO2 injection and ground deformations at In Salah 
Algeria 
 
Authors: Rutqvist, J., Vasco, D.W., Myer, L. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
First to investigate the potential causes and mechanisms that causes the surface uplift. 
 
Objective:  
 
To look analyze deformation effects caused by CO2 injection, and see which factors contribute to this 
effect.  
 
Methodology used: 
 
A coupled geomechanical model is set up to carry out sensitivity study looking specifically at the effects 
of pressure change, injection volume, elastic properties of the reservoir, and overburden.  
 
Conclusion reached: 
Uplift magnitude can be explained by pressure-induced, poro-elastic expansion of the injection zone. 
Uplift patterns can also extend for several kilometres from the injection well, depending on the rate and 
geological properties.  
 
Comments: 
 
Future studies will need to use a refined model, with exact variable rate injection schemes as comparison 
to both uplift magnitude and shape of uplift lobes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[CO2 Storage Capacity Assessment of Aquifers in South Africa]  33 
SPE 131609 
 
Title:  Static and Dynamic Estimates of CO2 Storage Capacity in Two Saline Formations in the UK 
 
Authors: Jin, M., Pickup, G., Mackay, E., Todd, A., Naylor, M. 
 
Contribution to understanding modelling CO2 storage aquifers: 
 
Providing different methodologies (static and dynamic) for assessing the storage capacity and identifying 
mechanisms to optimize the capacity.  
 
Objective:  
 
Investigating various assessment techniques for storage capacity and monitoring the pressure build-up.  
 
Methodology used: 
 
Two hypothetical storage sites are used for assessment using three methods; analytical compressibility 
method, semi-analytical semi-closed method (Zhou et al, 2008), and numerical reservoir simulation.  
 
Conclusion reached: 
Compressibility method gave lower storage efficiency values than the other two methods. Numerical 
simulations are useful for predicting how much CO2 is dissolved/trapped at a pore scale and indicate how 
CO2 migrates.   
 
Comments: 
 
Both models were based on data from the North Sea.  
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APPENDIX B. CRITICAL MILESTONES TABLE 
Paper 
Number 
Year Title Authors Contribution 
SPE 
36600 
1996 Sleipner Vest CO2 
disposal, CO2 injection 
into a shallow 
underground aquifer.  
Baklid A., Korbol 
R., Owren, G 
First commercial project to 
inject CO2 underground. 
Black-oil simulator to 
investigate CO2 distribution 
in formation.  
SPE 
77809 
2002 Engineering Aspects of 
Geological Sequestration 
of Carbon Dioxide 
Ennis-King, J., 
Paterson, L.  
First to address the 
engineering aspects from the 
injection phase to very long 
term when injection has 
ceased.  
SPE 
83695 
2003 Numerical modelling of 
aquifer disposal of CO2 
Pruess. K, Xu. T, 
Apps, J., Garcia, J. 
Understanding the trapping 
of CO2 in various phases, by 
employing realistic PVT 
descriptions.  
SPE 
89343 
2004 Reservoir Simulation of 
CO2 Storage in Deep 
Saline Aquifers 
Kumar, A., Noh, 
M., Pope, G.A., 
Bryant, S., Lake, 
L.W. 
First to quantify estimates of 
the most important CO2 
storage mechanisms.  
SPE 
96448 
2005 Relative permeability 
hysteresis: Trapping 
models and application to 
geological CO2 
sequestration. 
Spiteri, E.J., 
Juanes, R., Blunt, 
M.J., Orr, F.M. 
First to investigate hysteresis 
in the relative permeability of 
hydrocarbon phase in a two 
phase system and also 
presented a new model to 
capture the trends observed 
in oil/intermediate-wet 
systems.  
SPE 
103342 
2006 Limitations to Storage 
Pressure In Finite Saline 
Aquifers and the Effect 
of CO2 Solubility on 
Storage Pressure 
Van der Meer, 
L.G.H, Van Wees, 
J.D. 
First to look specifically at 
the pressure effects of 
solubility on CO2 storage 
capacity. 
SPE 
115929 
2008 Modelling leakage 
through faults of CO2 
stored in an aquifer.  
Chang, K.W., 
Minkoff, S.W., 
Bryant, S.L. 
 
First to numerically model 
leakage through faults using 
a quasi 1D model & 2D 
model. 
Internati
onal 
Journal 
of 
Greenho
use 
Control 2 
626-639 
2008 A method for quick 
assessment of CO2 
storage capacity in closed 
and semi-closed saline 
formations. 
Zhou, Q., 
Birkholzer, J.T., 
Tsang, C., 
Rutqvist, J. 
 
First to develop a simple 
analytical method for the 
quick assessment of the CO2 
storage capacity in such 
closed and semi-closed 
systems. 
Energia 
Procedia 
2741-
2009 Carbon Capture and 
Storage in South Africa. 
Surridge, A.D., 
Cloete, M. 
 
First to discuss the potential 
of carbon storage in this 
region as well as the point 
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2744 
Web of 
Science 
sources.  
SPE 
123582 
2009 Modelling CO2 Storage 
in Aquifers: Assessing 
the key contributors to 
uncertainty.  
Sifuentes, W., 
Blunt, M.J., 
Giddins, M.A. 
 
First to carry out a sensitivity 
analysis to see which 
parameters have substantial 
effect to the trapping of CO2 
using field data. 
Internati
onal 
Journal 
of 
Greenho
use 
Control 4 
(225-
230) 
 
2010 Coupled reservoir-
geomechanical analysis 
of CO2 injection and 
ground deformations at 
In Salah Algeria 
Rutqvist, J., Vasco, 
D.W., Myer, L. 
 
Uplift magnitude can be 
explained by pressure-
induced, poro-elastic 
expansion of the injection 
zone. Uplift patterns can also 
extend for several kilometres 
from the injection well, 
depending on the rate and 
geological properties.  
 
SPE 
131609 
2010 Static and Dynamic 
Estimates of CO2 storage 
capacity in two saline 
formations in the UK 
Jin, M., Pickup, G., 
Mackay, E., Todd, 
A., Naylor, M. 
 
Compressibility method gave 
lower storage efficiency 
values than the other two 
methods. Numerical 
simulations are useful for 
predicting how much CO2 is 
dissolved/trapped at a pore 
scale and indicate how CO2 
migrates.   
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APPENDIX C: Relative Permeability Data 
 
Sg Sw 
(drainage)  
krw 
(drainage) 
krg, 
(drainage) 
Sw, 
(Imbibition) 
krg 
(Imbibition) 
0.75 0.25 0.000 0.545 0.25 0.545 
0.74 0.26 0.001 0.525 0.26 0.525 
0.73 0.27 0.002 0.505 0.25 0.551 
0.73 0.27 0.002 0.505 0.25 0.551 
0.72 0.28 0.004 0.486 0.26 0.514 
0.71 0.29 0.007 0.467 0.27 0.479 
0.67 0.33 0.022 0.397 0.30 0.358 
0.64 0.36 0.038 0.349 0.32 0.284 
0.6 0.4 0.065 0.292 0.36 0.205 
0.56 0.44 0.097 0.240 0.39 0.145 
0.52 0.48 0.134 0.195 0.42 0.099 
0.49 0.51 0.165 0.165 0.45 0.074 
0.45 0.55 0.211 0.130 0.48 0.048 
0.41 0.59 0.261 0.100 0.51 0.030 
0.37 0.63 0.315 0.075 0.53 0.018 
0.34 0.66 0.358 0.059 0.56 0.012 
0.3 0.7 0.420 0.042 0.58 0.007 
0.26 0.74 0.485 0.028 0.61 0.003 
0.22 0.78 0.554 0.018 0.63 0.002 
0.19 0.81 0.609 0.012 0.65 0.001 
0.15 0.85 0.684 0.006 0.67 0.000 
0.11 0.89 0.764 0.003 0.68 0.000 
0.07 0.93 0.847 0.001 0.69 0.000 
0.04 0.96 0.911 0.000 0.70 0.000 
0.03 0.97 0.933 0.000 0.70 0.000 
0.02 0.98 0.955 0.000 0.70 0.000 
0.01 0.99 0.977 0.000 0.70 0.000 
0.01 0.99 0.977 0.000 0.70 0.000 
0 1 1.000 0.000 0.70 0.000 
Table 4: Relative Permeability Data 
 
 
Sgt = 0.297 
Sg (max) = 0.75 
Swc = 0.25 
krw (max) = 1 
krg (max) = 0.545 
Sgr (drainage) = 0.253 
Sgr (imbibition) = 0.00 
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Appendix D: Hubbert and Willis (1957) Fracture Prediction Method 
 
Hubbert and Willis (1957) 
 
𝑃𝑓
𝑧
=
1
3
 (
𝜎𝑣
𝑧
− 2
𝑃𝑝
𝑧
)   (𝑚𝑖𝑛𝑖𝑚𝑢𝑚)                                                                                                                                     (7) 
 
 
 
𝑃𝑓
𝑧
=
1
2
 (
𝜎𝑣
𝑧
−
𝑃𝑝
𝑧
)      (𝑚𝑎𝑥𝑖𝑚𝑢𝑚)                                                                                                                                    (8) 
 
 
Sample Calculation: 
 
𝑃𝑓
𝑧
=
1
3
 (0.023
𝑀𝑃𝑎
𝑚
 − 2 ∗ 0.0074
𝑀𝑃𝑎
𝑚
) = 0.00256
𝑀𝑃𝑎
𝑚
  (𝑚𝑖𝑛𝑖𝑚𝑢𝑚) 
 
𝑃𝑓 = 498.96 𝑏𝑎𝑟𝑠 
 
Fracture pressure is estimated to be 498.96 bars using Hubbert and Willis (1957), which is much higher than the value 
estimated using Eaton (1967). This is clearly an overestimation, given that geomechanical properties are not taken into account 
such as poisons ratio.  
 
 
Corey Functions – Gas/Water (Schlumberger 2009) 
 
Water: 
 
𝑘𝑟𝑤 =  𝑘𝑟𝑤(𝑆𝑔𝑟𝑤) [
𝑆𝑤 − 𝑆𝑤𝑐𝑟
𝑆𝑤𝑚𝑎𝑥 − 𝑆𝑔𝑟𝑤 − 𝑆𝑤𝑐𝑟
]
𝐶𝑤
                                                                                                                        (9) 
 
Gas: 
𝑘𝑟𝑔 =  𝑘𝑟𝑔(𝑆𝑤𝑚𝑖𝑛) [
𝑆𝑤𝑚𝑎𝑥 − 𝑆𝑤 − 𝑆𝑔𝑟𝑤
𝑆𝑤𝑚𝑎𝑥 − 𝑆𝑤𝑖 − 𝑆𝑔𝑟𝑤
]
𝐶𝑔
                                                                                                                        (10) 
 
Sw,min – minimum water saturation 
Swcr – critical water saturation 
Sgrw – residual gas saturation to water 
krw (Sgrw) – water relative permeability at residual gas saturation 
krg (Swmin) – gas relative permeability at minimum water saturation 
 
 
 
 
Appendix E: Solubility Reactions (Schlumberger 2009) 
 
H2O                <->    H
+
 + OH
-
 
CO2 + H2O     <->    HCO3
-
 + H
+
 
HCO3-             <->   CO3
-
 + H
+
 
CaCl +            <->    Ca
2+
 + Cl
-
 
NaCl(s)           <->    Na
+
 + Cl
-
 
CaCl2(s)          <->    CaCl
+
 + Cl
-
 
CaCO3(s)        <->    Ca
2+
 + CO3
- 
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Appendix F: Dykstra Parsons Coefficient Variation 
 
Dykstra-Parsons Coefficient – Is a measure of permeability variation describing reservoir heterogeneity. A value of one 
represents an extremely heterogeneous reservoir. As oppose to a value of zero,  
 
𝑣𝐷𝑃 = 1 − 𝑒𝑥𝑝 [−√𝑙𝑛 (
𝑘𝐴
𝑘𝐻
)]                                                                                                                                                 (9) 
kA Arithmatic permeability mean 
kH Harmonic permeability mean 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26: Dykstra-Parsons Coefficient of Permeability Variation 
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Appendix G: Rock Compressibility Variation 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix H: Microscopic View of Sandstone Unit in Karoo Basin (Cloete 2010) 
 
Microscopic view of a medium-grained Karoo sandstone. 
The grains of this rock are much less tightly packed than 
those of mudstones/siltstones and locally there are 
intergranular voids. The voids in this sample are filled by 
red epoxy cement. At depths greater than 800 m these 
voids would likely be filled with saline water that is 
unsuitable for drinking and agricultural use. Injected CO2 
would displace most of the water and reside in the void 
spaces, eventually dissolving and reacting with the 
formation water and surrounding rocks to form stable 
carbonate mineral 
 
 
 
 
 
 
 
 
Microscopic view of a Karoo siltstone. Fine-grained 
particles of quartz and feldspar (clear) are suspended in a 
yellow-brown matrix of clay minerals, viewed in polarised 
light. The grains forming this rock are densely packed with 
hardly any interconnected pore spaces. The low 
permeability of these rocks makes them ideal barriers to 
prevent the migration of CO2 out of target storage 
formations. 
 
 
 
 
 
 
 
 
 
Figure 28: Microscopic view of a medium-grained Karoo sandstone.  
Figure 29: Mircoscopic view of a Karoo siltstone 
Figure 27: Rock compressibilities, Newman 1973 
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Appendix I: Stratigraphy of South Africa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30: Impact of coal-to-liquid on greenhouse gases 
(EPA 2007). 
Figure 31: Stratigraphy of South Africa (Cloete 2010) 
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Appendix J: Heterogeneous Model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32: Horizontal permeability distribution for 3D heterogeneous model. 
Figure 33: Vertical permeability distribution for 3D heterogeneous model 
Figure 34: 2D cross section of heterogeneous model showing the gas saturation 
distribution after 100 years of injection.  
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After 40 years of injection 
After 100 years of injection 
After 40 years of injection 
After 100 years of injection 
 
Appendix K: CO2 distribution and saturation for high and low horizontal permeability 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35: 2D vertical cross section of a 400mD aquifer, taken at the injection well. 
Figure 36: 2D vertical cross section of a 10mD aquifer, taken at the injection well. 
[CO2 Storage Capacity Assessment of Aquifers in South Africa]  43 
Appendix L: Eclipse Data File for Base Case Model 
 
-------------------------------------- 
-----TITLE: CO2 Storage Capacity Assessment of Aquifers in South Africa 
-----Author: Dat Vu 
-------------------------------------- 
 
 
--NOSIM 
 
---------------------------------------------------------------------------------- 
---------------------------------------------------------------------------------- 
RUNSPEC 
----------------------------------------------------------------------------------- 
----------------------------------------------------------------------------------- 
 
-- ++++++++++++++++++++++++++++++++++++++ 
 
START 
 1 'JAN' 2010 / 
 
-- ++++++++++++++++++++++++++++++++++++++ 
 
METRIC 
 
DIMENS 
 40 40 25 / 
 
 
-- CO2STORE OPTION activated 
CO2STORE 
 
COMPS 
 4 / 
  
HWELLS 
 
-- 1) Diffusion effects 
  
DIFFUSE 
 
--SOLID 
 
 
-- 2) Fully Implicit Solution 
FULLIMP 
  
MONITOR 
  
MSGFILE 
 1 / 
  
  
WELLDIMS 
 3 20 1 2 5 10 5 4 3 0 1 1 / 
 
TABDIMS 
    2    1   60   60    1   20 / 
 
REGDIMS 
 1 1 0 10 0 1 / 
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EQLDIMS 
1 80 80 2 50 / 
-- number of eq regions 
-- number of depth node 
-- max number of depth node 
-- max number of tables of initial tracer concentration versus depth 
 
OPTIONS3 
7* 1 99* / 
 
 
-- ++++++++++++++++++++++++++++ 
-- 3) Hysteresis option selected 
SATOPTS 
'HYSTER' / 
-- ++++++++++++++++++++++++++++ 
 
 
UNIFIN 
  
UNIFOUT 
 
----------------------------------------------------------------------------------- 
----------------------------------------------------------------------------------- 
-- Grid section 
----------------------------------------------------------------------------------- 
----------------------------------------------------------------------------------- 
  
GRID 
  
GRIDFILE 
 0 1 / 
  
INIT 
 
DX 
 40000*200 / 
  
DY 
 40000*200 / 
  
DZ 
 40000*10 / 
 
 
BOX 
          1         40          1         40          1          1 / 
TOPS 
 1600*2000 /  
ENDBOX 
 
 
EQUALS 
 PORO 0.22/ 
 NTG 0.80 / 
/ 
 
PERMX 
1600*0.001 
1600*100 
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1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
1600*100 
/ 
 
COPY  
 PERMX PERMY /  
/ 
 
PERMZ 
1600*0.001 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
1600*1 
/ 
  
BOX 
 1 40 1 1 1 25 / 
EQUALS 
MULTPV 1e+020 / 
[CO2 Storage Capacity Assessment of Aquifers in South Africa]  46 
/ 
ENDBOX 
  
BOX 
 1 40 40 40 1 25 / 
EQUALS 
MULTPV 1e+020 / 
/ 
ENDBOX 
  
BOX 
 1 1 2 39 1 25 / 
EQUALS 
MULTPV 1e+020 / 
/ 
ENDBOX 
  
BOX 
 40 40 2 39 1 25 / 
EQUALS 
MULTPV 1e+020 / 
/ 
ENDBOX 
 
---------------------------------------------------------------------------------- 
---------------------------------------------------------------------------------- 
  
PROPS 
 
---------------------------------------------------------------------------------- 
---------------------------------------------------------------------------------- 
 
-------------PVT------------------------ 
 
EHYSTR 
0.1 0 1.0 / 
 
 
-- Component Names 
CNAMES 
   'H2O' 
   'CO2' 
   'NACL' 
   'CACL2' 
/ 
 
-- Set diffusion constants  
-- Water Diffusion Coefficients 
DIFFCWAT 
-- h2o   co2   nacl   cacl2 
 0.0001  0.00040  0.0001  0.0001 / 
 
-- Gas Diffusion Coefficients 
DIFFCGAS 
--  h2o  co2 
 0.001  0.001 / 
 
SALINITY 
-- Units: Molarity (mol/L) 
-- Reservoir Salinity 
--  
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      0.6 
/ 
 
--Rock data 
ROCK 
         150  0.0003                                         
/ 
  
-- Initial Reservoir Temperature, in deg C 
RTEMP 
        50 
/ 
  
-- Total Composition vs Depth 
-- depth  h20  co2  nacl  cacl2 
ZMFVD 
        2000      0.9706 
                       0 
                  0.0267 
                  0.0027 
      2000.5      0.9706 
                       0 
                  0.0267 
                  0.0027 
/ 
 
-- Solid component NACL_S reference density 
--SDREF 
-- 3* 2170.0 1* /  
 
-- Mobility multiplier 
--SOLIDMMS 
-- SS   Mult 
--   0.0    1.0 
--   0.1    0.5 
--   0.2    0.4 
--   0.3    0.3 
--   0.4    0.2  
--   0.5    0.1 
--   0.6    0.01 
--   0.7    0.001 
--   0.75   0.0001 
--  0.8    0.0  
--/ 
--   0.0    1.0 
--   0.1    0.5 
--   0.2    0.4 
--   0.3    0.3 
--   0.4    0.2  
--   0.5    0.1 
--   0.6    0.01 
--   0.7    0.001 
--   0.75   0.0001 
--   0.8    0.0  
--/ 
 
 
 
-------------SCAL------------------------ 
 
-- Water saturation functions 
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--   Sw         Krw 
WSF 
--  
-- Water Saturation Functions 
--  
0.25 0.000000 
0.29 0.006853 
0.33 0.022266 
0.40 0.064826 
0.44 0.096890 
0.51 0.165139 
0.63 0.314795 
0.70 0.419621 
0.78 0.554198 
0.81 0.608577 
0.89 0.763663 
0.93 0.846566 
0.96 0.911035 
0.99 0.977439 
1 1.000000 
/ 
0.250 0.00000 
0.266 0.00685 
0.300 0.02227 
0.358 0.06483 
0.390 0.09689 
0.506 0.26056 
0.535 0.31480 
0.582 0.41962 
0.630 0.55420 
0.646 0.60858 
0.681 0.76366 
0.693 0.84657 
0.700 0.91103 
0.701 0.93296 
0.703 1.00000 
/ 
 
 
  
-- Gas saturation functions 
--   Sg         Krg      Drain Pcog 
GSF 
0 0.00000     0.0000 
0.15 0.00001     0.6100 
0.22 0.00002     0.8900 
0.26 0.00010     1.1001 
0.45 0.13028     1.1966 
0.52 0.19530     1.2705 
0.60 0.29156     1.3818 
0.64 0.34930     1.4898 
0.72 0.48577     2.8723 
0.74 0.52451     3.7486 
0.75 0.54460     7.0000 
/ 
0.27 0.000000    0.0000 
0.30    0.000034    0.7800 
0.39 0.003403    1.1158 
0.42 0.006583    1.1333 
0.50 0.029244    1.1966 
0.55 0.067971    1.2705 
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0.62 0.156116    1.3818 
0.68 0.291631    1.6744 
0.72 0.435089    2.8723 
0.74 0.505923    3.7486 
0.75 0.544600    7.0000 
/ 
 
 
REGIONS 
 
 
ECHO 
 
 
SATNUM 
40000*1 
/ 
 
IMBNUM 
40000*2 
/ 
 
----------------------------------------------------------------------------------- 
----------------------------------------------------------------------------------- 
SOLUTION 
----------------------------------------------------------------------------------- 
----------------------------------------------------------------------------------- 
 
--Equilibration data 
EQUIL 
    2000     150       0       0       0       0       1       1       0      1*      
1* 
/ 
  
 
-- Restart File Output Control 
RPTRST 
 RESTART PRESSURE SGAS SWAT XMF / 
 
---- Initialisation Print Output 
--RPTSOL 
-- PRESSURE SGAS SWAT XMF / 
 
 
FIELDSEP 
 1 15.0 1.01 / 
/ 
 
 
----------------------------------------------------------------------------------- 
----------------------------------------------------------------------------------- 
SUMMARY 
----------------------------------------------------------------------------------- 
----------------------------------------------------------------------------------- 
  
BPR* 
18 18 20  / 
 / 
 
WBHP 
'CO2_INJ' / 
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--Gas In Place (gas phase) 
FGIPG 
 
--Gas In Place (liquid phase) 
FGIPL 
 
--Field Gas Injetion Rate 
FGIR 
 
--Injection rate total 
FGIT 
 
--Field Pressure 
FPR 
 
--Caron dioxide dissolved in water phase 
FWCD 
 
--Carbon dioxide trapped (immobile) in gas phase 
FGCDI 
 
--Carbon dioxide mobile in gas phase 
FGCDM 
 
--Total number of injection wells 
FMWIT 
 
--Requests tabulated output of summary data 
RUNSUM 
 
--Returns the current CPU usage in seconds 
TCPU 
 
------------------------------------------------------------------- 
------------------------------------------------------------------- 
 
  
SCHEDULE 
  
--RPTSCHED 
-- PRESSURE SGAS SWAT XMF / 
   
WELSPECS 
'CO2_INJ' 'FIELD' 19 20 2080 'GAS' 1* 'STD' 'SHUT' 'YES' 1* 'SEG' 3* 'STD' / 
 / 
   
COMPDAT 
'CO2_INJ' 19 20 20 20 'OPEN' 2* 0.09 3* 'X' 1* / 
'CO2_INJ' 20 20 20 20 'OPEN' 2* 0.09 3* 'X' 1* / 
'CO2_INJ' 21 20 20 20 'OPEN' 2* 0.09 3* 'X' 1* / 
'CO2_INJ' 22 20 20 20 'OPEN' 2* 0.09 3* 'X' 1* / 
 / 
   
WELLSTRE 
'SEQCO2' 0 1 0 0 / 
 / 
   
WINJGAS 
'CO2_INJ' 'STREAM' 'SEQCO2' 2* / 
 / 
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-- BHP LIMIT 300 bar 
WCONINJE 
'CO2_INJ' 'GAS' 'OPEN' 'RATE' 200000 1* 300/ 
 / 
   
DATES 
1 'FEB' 2010 / 
1 'MAR' 2010 / 
1 'APR' 2010 / 
1 'MAY' 2010 / 
1 'JUN' 2010 / 
1 'JUL' 2010 / 
1 'AUG' 2010 / 
1 'SEP' 2010 /                                 
1 'OCT' 2010 /                                 
1 'NOV' 2010 /                                 
1 'DEC' 2010 /                                 
/ 
 
DATES 
1 'JAN' 2011 / 
1 'FEB' 2011 /                                 
1 'MAR' 2011 /                                 
1 'APR' 2011 /                                 
1 'MAY' 2011 /                                 
1 'JUN' 2011 /                                 
1 'JUL' 2011 / 
1 'AUG' 2011 / 
1 'SEP' 2011 /                                 
1 'OCT' 2011 /                                 
1 'NOV' 2011 /                                 
1 'DEC' 2011 /  
/ 
 
DATES 
1 'JAN' 2013 / 
1 'JUL' 2013 / 
1 'JAN' 2014 / 
1 'JUL' 2014 / 
1 'JAN' 2015 / 
1 'JUL' 2015 / 
1 'JAN' 2016 / 
1 'JUL' 2016 / 
1 'JAN' 2017 / 
1 'JUL' 2017 / 
1 'JAN' 2018 / 
1 'JUL' 2018 / 
1 'JAN' 2019 / 
1 'JUL' 2019 / 
/ 
 
DATES 
1 'JAN' 2020 / 
1 'JAN' 2021 / 
1 'JAN' 2022 / 
1 'JAN' 2023 / 
1 'JAN' 2024 / 
1 'JAN' 2025 / 
1 'JAN' 2026 / 
1 'JAN' 2027 /  
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1 'JAN' 2028 /  
1 'JAN' 2029 /  
1 'JAN' 2030 /  
1 'JAN' 2031 /  
1 'JAN' 2032 /  
1 'JAN' 2033 /  
1 'JAN' 2034 /  
1 'JAN' 2035 /  
1 'JAN' 2036 /  
1 'JAN' 2037 /  
1 'JAN' 2038 /  
1 'JAN' 2039 /  
1 'JAN' 2040 /  
1 'JAN' 2041 /  
1 'JAN' 2042 /  
1 'JAN' 2043 /  
1 'JAN' 2044 /  
1 'JAN' 2045 /  
1 'JAN' 2046 /  
1 'JAN' 2047 /  
1 'JAN' 2048 /  
1 'JAN' 2049 /  
/ 
 
DATES 
1 'JAN' 2050 / 
/ 
 
WELLSHUT 
'CO2_INJ' / 
 / 
 
DATES 
1 'JUL' 2050 / 
1 'JAN' 2051 / 
1 'JUL' 2051 / 
1 'JAN' 2052 / 
1 'JAN' 2053 / 
1 'JAN' 2054 / 
1 'JAN' 2055 / 
1 'JAN' 2060 / 
1 'JAN' 2065 / 
1 'JAN' 2070 / 
1 'JAN' 2075 / 
1 'JAN' 2080 / 
1 'JAN' 2090 / 
1 'JAN' 2100 / 
1 'JAN' 2110 / 
/ 
 
END 
 
 
